The effect of an ac modulation on a 2-level or 3-level system is studied theoretically. The absorption spectrum is calculated by solving the optical Bloch equations and is interpreted by reference to the Floquet quasienergy spectrum. The dependence of the absorption sidebands on the intensity of the coupling laser field in Rydberg systems submitted to a radio-frequency (rf) field is analysed in detail. It is shown that for sufficiently strong coupling fields additional sidebands appear in the probe absorption spectrum in ladder 3-level systems. These additional sidebands are induced by the coupling of the intermediate state to the Floquet manifold spawned by the upper state under rf modulation.
I. INTRODUCTION
There is currently much interest for electromagnetically induced transparency (EIT) in Rydberg atoms [1] , in particular for the cooperative atom-light and photon-photon dynamics found in Rydberg systems [2] [3] [4] [5] and for their possible application, e.g., in quantum information processing [6] , in the production of correlated photon pairs [7] , and in metrology [8, 9] .
The present work is motivated by a recent experimental study of EIT in a 3-level Rydberg system with radio frequency (rf) modulation [10] . In this experiment, the absorption on the 5S 1/2 -5P 3/2 transition of 87 Rb was probed by a weak laser field in the presence of both an rf field and a strong laser field resonant with the transition between the intermediate 5P 3/2 (F ′ = 3) state and the highly polarizable 32S 1/2 (F ′ = 2) state. The rf field was too low in frequency for driving multiphoton transitions between the lower, intermediate or upper
states and other bound states. However, it was strong enough to Stark-shift the upper state periodically by tens of MHz, which resulted into the EIT features in the probe absorption spectrum shifting and splitting into multiple EIT sidebands.
The existence of absorption sidebands is a well known feature of ac-modulated 2-level systems [11] , including 2-level atomic or molecular systems [12] [13] [14] [15] [16] [17] [18] [19] . The effect of an oscillating electric field on molecular absorption lines with quadratic Stark shift was described by
Townes and Merritt in 1947 [13] : Lines whose frequency width is much larger than the frequency of modulation adiabatically follow the oscillations of the field -i.e., a state of dipole polarizability α in a non-resonant ac field E(t) = E 0 sin(ω 0 t) is simply displaced in energy by
α[E(t)]
2 /2 at time t. However, lines whose frequency width is of the same order or smaller than the modulation frequency split into manifolds of components displaced in energy from their zero-field limit by αE 2 0 /4 + 2nhω 0 , n = 0, ±1, ±2, . . ., and the intensity of these components varies with n, ω 0 and E 0 like J 2 n (αE 0 /8hω 0 ). Analogous shifts and sidebands are also found in systems governed by an Hamiltonian unitarily equivalent to that governing ac-modulated 2-level atomic or molecular systems, such as ac-driven superconducting flux qubits [20] [21] [22] [23] [24] [25] [26] [27] .
Interactions with other fields will in general introduce additional n-dependent Stark shifts.
For this reason, the separation between adjacent sidebands of an ac modulated 2-level system is not exactly 2hω 0 and the intensities of the absorption lines do not exactly follow a J 2 n (αE 0 /8hω 0 ) law. The correct separations and scalings can be obtained by combining Floquet theory and Van Vleck perturbation theory [25, 27] . However, these deviations from the results of Townes and Merritt are significant only when the interaction coupling the two states of the system is sufficiently strong. Perhaps for this reason, they do not appear to have been previously considered in an atomic and molecular physics context [28] .
In many ac-modulated 2-level atomic systems of practical interest, one of the two states is much more polarizable than the other and the frequency widths of both the state and the coupling laser field are small compared to the modulation frequency. In these conditions, it may be tempting to ignore the manifold structure of the less polarizable state, retain that of the more polarizable state, and model the ac-modulated two-level system as a many-level system in which the less polarizable state interacts with a manifold of independent sideband states. We refer to this approximate description as the N-level approximation. It leads to the results described by Townes and Merritt [13] in the limit of a weak interaction between the states and makes it possible to calculate the absorption spectrum rapidly at a minimal cost.
However, as is shown below, this approximation breaks down for strong coupling between the two states: In order to obtain the correct results, the sideband structure of both states must be properly taken into account. This can be done, e.g., by carrying out a full Floquet analysis of the ac-modulated 2-level system [25, 27, [29] [30] [31] [32] , or by solving the optical Bloch equations with time-dependent modulation. The sidebands of the less polarizable state here originate from the coupling of this state to the Floquet manifold formed by the other state, not from a direct effect of the ac-modulation. Nonetheless, as is illustrated below, they may manifest by well defined, additional resonance structures in absorption spectra. We refer to these as induced sidebands.
In this paper, we investigate the changes in the sideband structure of the absorption spectrum arising from the interaction with the coupling laser field, both in two-level and three-level systems. The absorption spectrum is calculated by solving the optical Bloch equations and is interpreted by reference to the Floquet quasienergy spectrum. The N-level approximation is compared to the exact results throughout the paper. For simplicity, we first focus on ac-modulated two-level systems (Sec. II). The coupling with a lower state is then introduced. The probe absorption in an rf-modulated 3-state ladder system and the appearance of induced sidebands is studied in Sec. III. In particular, we give examples of sidebands shift in EIT spectra for both cold and thermal ensembles. We conclude with a summary of our main findings (Sec. IV).
We use atomic units throughout the rest of this paper, except where indicated otherwise.
II. RF-DRESSED TWO-LEVEL SYSTEMS
A. RF-dressing in the adiabatic approximation
We first concentrate on the rf dynamics of the subsystem formed by the intermediate and upper states of our 3-level ladder Rydberg system, states |b and |c . We thus assume, for the time being, that neither |b nor |c interact with the lower state of the system, |a .
Making the rotating wave approximation for the laser field and passing to slowly-varying variables would then reduce the time-dependent Schrödinger equation to
if the rf field was absent. Ω c and ∆ c are respectively the Rabi frequency [33] (which we assume real) and the detuning of the control laser field coupling the states |b and |c in the ladder system: Denoting the zero-field energies of these two states by w b and w c and the angular frequency of the control laser by ω c , ∆ c = ω c − ω cb with ω cb = w c − w b . The state vector of the system, |Ψ(t) , is a linear superposition of the bare states |b and |c and the functions c b (t) and c c (t) are the respective probability amplitudes:
We write the electric field component of the rf field as
We assume that the angular frequency ω rf is so much smaller than ω bc , and so much smaller than the transition frequencies between |b and |c and any other unperturbed state, that |b and |c evolve adiabatically under the effect of this field. Hence, we replace the timedependent bare states exp(−iw b t)|b and exp(−iw c t)|c by the adiabatic states [11, 12, 14, 34 ]
and
In these expressions, 
2 /2, and moreover that |b[E(t)] = |b +E(t)|b (1) and |c[E(t)] = |c +E(t)|c (1) . The two state vectors |b (1) and |c (1) are defined by first order perturbation theory, and α b and α c are the static dipole polarizability of the states |b and |c . For the applications we have in mind, |α c | ≫ |α b |, so that one can take
and |b[E(t)] ≈ |b , and assume that only the upper state |c is significantly perturbed by the rf field. Moreover, we are also considering systems for which |b and |c (1) have the same parity and therefore are not directly coupled to each other by the control laser field. In these conditions, the time-dependent Schrödinger equation for the rf-dressed system becomes
where
Eq. (6) is a system of linear differential equations with periodic coefficients, which is amenable to the Floquet description studied in the following section. The effect of relaxation, which is not taken into account in Eq. (6), will be considered in Sec. II C.
B. Floquet formalism
Floquet states
By virtue of the Floquet theorem [25, [29] [30] [31] , any solution of Eq. (6) can be written as a superposition of fundamental solutions of the form
where the quasienergy ǫ and the coefficients c b,n and c c,n are constants. (The fundamental angular frequency is 2ω rf , not ω rf , because the time-dependence entirely arises from the periodic Stark shift of the upper level, which varies at twice the rf frequency.) Replacing c b (t) and c c (t) by c b (ǫ; t) and c c (ǫ; t) turns Eq. (6) into a time-independent system of algebraic equations for the coefficients c b,n and c c,n , namely
The quasienergies are those values of ǫ for which this system has a non-trivial solution. In matrix form, Eqs. (9a) and (9b) read 
The possible values of the quasienergy are the eigenvalues of H 2F , which we denote by ǫ k .
Each one corresponds to a particular dressed state of the system, i.e., to a solution of the Schrödinger equation of the form
where the state vectors |ψ k,n are time-independent. It follows from the above that |Ψ k (t) = c b (ǫ k ; t)|b + c c (ǫ k ; t)|c . We thus have two equivalent descriptions of the dressed states of the system, namely one in terms of the time-dependent coefficients c b (ǫ k ; t) and c c (ǫ k ; t) and one 
Thus [35]
The Hamiltonian matrix H 2F has a four-block structure. Its upper and lower diagonal It is useful to diagonalize the matrix H c , which can be done by transforming the basis from {|b, n , |c, n , n = 0, ±1, ±2, . . .} to {|b ′ , n , |c ′ , n , n = 0, ±1, ±2, . . .}, with |b ′ , n ≡ |b, n and
where J p (x) is the p-th order Bessel function of the first kind [25] . Under this change of basis, the matrix representing the Hamiltonian becomes
where When Ω c = 0, any quasienergy ǫ k is equal either to ǫ c,n for some value of n, where
The corresponding dressed states, |Ψ k , are either |b ′ , n or |c ′ , n , respectively. Each of the quasienergies is thus associated with an energy sideband of either state |b or state |c .
The sidebands of |b are located at the energies E do not depend on the frequency of the control laser. However, the quasienergies of the
c,n -manifold of quasienergies change with the detuning ∆ c , with the consequence that this manifold crosses the (ω c -independent) ǫ (0) b,n -manifold at ∆ c = Σ c + 2mω rf , m = 0, ±1, ±2, . . . The quasienergy spectrum keeps that double comb structure for Ω c = 0: any quasienergy ǫ k is equal either to ǫ b,n or to ǫ c,n for some value of n, with J p (Σ c /2ω rf ) = δ p0 , and these off-diagonal blocks are the unit matrix multiplied by Ω c /2. In this case, the system is equivalent to an infinite set of non-interacting two-level systems.
One then has b,n and ǫ c,n ≈ ǫ
c,n , with
The upper signs apply for ∆ c > Σ c and the lower signs for ∆ c < Σ c . The control laser field thus lifts the degeneracy between the states |b ′ , n and |c ′ , n at ∆ c = Σ c and creates an energy gap approximately equal to Ω c J 0 (Σ c /2ω rf ) between ǫ b,n and ǫ c,n . In Fig. 2 (a), this interaction results in conspicuous avoided crossings at ∆ c /(2π) ≈ 10 MHz.
The two manifolds formed by the quasienergy curves ǫ
b,n cross each other at the detunings at which ǫ
Therefore these true crossings do not occur exactly at ∆ c = Σ c ± 2mω rf , as would be the case if Ω c = 0, but instead at detunings shifted towards the avoided crossings at ∆ c = Σ c .
Expanding the square root function to lowest order in Ω c , Eq. (23) gives
This result can also be obtained using perturbation theory.
The degeneracy of the ǫ
b,n and ǫ
c,n±m quasienergies at ∆ c,±m is lifted by the off-diagonal terms of the off-diagonal blocks of the Hamiltonian matrix H ′ 2F . For instance, the avoided crossings visible at ∆ c /(2π) ≈ −10 MHz and 30 MHz in Fig. 2(a) originate from the terms Ω c J ±1 in these off-diagonal blocks, which couple the |b ′ , n states to the |c ′ , ±1 states.
Treating each pair of intersecting quasienergies as an isolated two-level system in the vicinity of their intersection and neglecting the terms in Ω c J ±m with m > 1 in H ′ 2F yields the improved approximation ǫ b,n ≈ ǫ (2) b,n and ǫ c,n ≈ ǫ (2) c,n , with
As in the above, the signs should be chosen so that ǫ
c,n for Ω c → 0. One of the resulting quasienergy curves is represented by crosses in Fig. 2(a) . As seen from the figure, it reproduces the exact quasienergies well. The only significant differences occur when ∆ c ≈ ∆ c,±m with m ≥ 2, where the approximate quasienergy manifolds ǫ Treating the crossings at ∆ c ≈ ∆ c,±1 separately from that at ∆ c = Σ c is justified if the former are sufficiently far apart from the latter, namely if
The iterative method outlined above fails when the inequality (27) is violated. The crossings between the manifolds may then occur at different values of ∆ c than predicted by Eqs. (23) and (24) .
Finally, we note that for weak fields the quasienergies obtained by the iterative method are consistent with those predicted by perturbation theory, namely, for n = 0 [36],
The N -level approximation
As seen above, the bare state |b turns into a manifold of sideband states when the system is described in the Floquet formalism. The different states of this manifold are not directly coupled to each other by the rf field under our assumption that the dressing of state |b by this field is negligible; however, they interact with each other indirectly, through their coupling with the harmonic components of state |c by the control laser field. Neglecting the manifold structure of state |b amounts to setting c b,n ≡ 0 for n = 0 in Eq. (8a) and to reducing the Hamiltonian matrix H ′ 2F to the matrix
We refer to this approximation as the N-level approximation, in view of the fact that the matrixH ′ 2F is effectively the Hamiltonian of a system consisting of a single state |b ′ , 0 ≡ |b interacting with a manifold of N independent states |c ′ , n , N → ∞ -see Fig. 1(b) . As mentioned in the Introduction, this approximation has often been made in studies of the interaction of low-lying states with rf-dressed Rydberg states.
The corresponding quasienergies are the eigenvaluesǫ k of the matrixH ′ 2F . An example of the resulting spectrum is shown in Fig. 2(b) . Proceeding as in Sec. II B 2, one finds that for Ω c = 0 the corresponding quasienergies are equal either toǫ
c,n for some value of n, whereas for Ω c = 0 and |Σ c /(2ω rf )| ≪ 1, they are approximately equal either tõ
c,n (n = 0). In the latter case, the c-manifold intersects the b-quasienergy curve at values of ∆ c for whichǫ
c,n for some value of n. However, these intersections normally occur at different detunings than found in Sec. II B 2, since in generalǫ (1) c,n = ǫ Relaxation modifies this picture. Taking into account the natural width of state |c , Γ c , and the linewidth of the control laser, γ c , and assuming that |c can de-excite only to |b , the time evolution of the system is described by the following optical Bloch equations:
(Recall that at the moment we study the system formed by states |b and |c in isolation from state |a . We therefore assume, for the time being, that |b does not de-excite to a lower state. The finite lifetime of state |b will be taken into account in the analysis of the full 3-level ladder system, in Sec. III.) Decoherence dampens the dynamical evolution of the system until the oscillation is purely driven by the rf field. In this steady state, which is reached for t ≫ 1/Γ c , the elements of the density matrix oscillate at integer multiples of the fundamental angular frequency 2ω rf about a constant cycle-average.
In the N-level approximation, we treat each side band of state |c as an independent bound state and describe the evolution of the system by optical Bloch equations based on the Hamiltonian matrixH
with the indexes j and k running over all the states forming the c-manifold. In this approach, the population in state |c , ρ cc , is defined as 1 − ρ bb , or equivalently, as ρ cc = k ρ kk . In contrast to Eqs. (31a-31c), which predict oscillatory populations and coherences, Eqs. (32a-32c) lead to a constant density matrix in the long time limit.
We assume that the atom is initially in state |b and calculate the population transferred to state |c , ρ cc (t), and its temporal average in the steady state, ρ cc (∞) . We define the latter as
with T = 2π/(2ω rf ). We thus set ρ bb to 1 and all the other elements of the density matrix to zero at time t = 0 and numerically solve either Eqs. (31a-31c) or Eqs. (32a-32c) from t = 0 to t ≫ 1/Γ c .
How the population transferred to state |c varies with the detuning ∆ c depends both on the value of Γ c and on whether the inequality (27) is fulfilled or not. Avoided crossings between quasienergy curves can be treated in isolation when this inequality is fulfilled, and adjacent resonances do not overlap significantly due to the natural width of the upper level when Γ c ≪ 2ω rf . The variation of ρ cc (∞) in these conditions is examplified by Fig. 2(c) .
The results represented respectively by a dark pink curve and by a light purple curve were obtained by solving Eqs. (31a-31c) and Eqs. (32a-32c).
As seen from the figure, the avoided crossings in the dressed state spectrum are associated with strong enhancements of population transfer. The origin of these enhancements is easily understood given that Γ c and γ c are both sufficiently small that the evolution of the system is dominated by its dressed states dynamics rather than by relaxation. For the parameters considered, the dressed atom can be described as a simple two-state system in the vicinity 
Thus ρ cc (∞) exhibits power-broadened sidebands whose height and width are modulated The comparison shows that for the parameters considered in Fig. 2 , the upper state effectively turns into a manifold of states well described within the N-level approximation.
As mentioned in Sec. II B 2, increasing Ω c eventually results in a break down of this approximation as the states forming the Floquet manifold will start to interact with each other.
For sufficiently strong control fields, the resonance sidebands overlap each other and merge with the zeroth order resonance.
How large |Ω c J 0 | is relative to 2ω rf also impacts on the temporal evolution of the system.
When |Ω c J 0 | ≪ 2ω rf , the atom interacts with the laser field as if state |c were a manifold of stationary states. In the opposite limit, the rf field changes slowly on the time scale on which the states |b and |c interact with each other. This interaction then occurs as if the rf field was static at any instant. In this case, the Stark shift due to the rf field is expected to make the population in the state |c oscillate periodically. The population in the state |c also depends on the time scale of the relaxation mechanisms. Well defined enhancement sidebands are not expected unless spontaneous decay is slow compared to the oscillation of the rf field, i.e., unless [13] Γ c ≪ 2ω rf .
This inequality also expresses the requirement that adjacent sidebands, which are separated roughly by 2ω rf , do not overlap due to the the natural linewidth of the resonance, Γ c . The role of the lifetime of the state |c is illustrated by column (c) of Fig. 3 , which was calculated for the same parameters as column (b) apart for Γ c : while Γ c ≪ 2ω rf in column (b), Γ c = 2ω rf in column (c). In the latter case the sidebands partly overlap each other and the population in the state |c oscillates markedly.
Finally, column (d) of Fig. 3 shows the time evolution of ρ cc for the same parameters as in column (c) apart that 2ω rf is much smaller than both Γ c and ∆ c . The N-level picture is now invalid and there is no sign of sidebands. Instead, the profile of ρ cc is a single peak of width Γ c following the instantaneous position of state |c as this state is periodically Stark-shifted by the rf field [13] .
III. RF-DRESSED THREE-LEVEL SYSTEMS A. General formulation
We now take into account the coupling of state |b to state |a by the probe laser field and allow state |b to de-excite to state |a , which is assumed to be stable (Fig. 4) . We proceed as in Sec. II A and, ignoring relaxation at first, write the state vector of the atom as
with the amplitudes c a (t), c b (t), c c (t) satisfying the equation Following the same analysis as in Sec. II B, we formulate the problem in terms of the Floquet Hamiltonian
Generalizing the discussion of last section, the corresponding Floquet states are described by time-independent vectors |Ψ k which can be written in terms of the vectors |a, n ≡ (|a δ in , i = 0, ∓1, ∓2, . . .) T and of the vectors |b, n and |c, n defined by Eqs. (13) and (14):
(c a,−n |a, n + c b,−n |b, n + c c,−n |c, n ).
As before, the C-block of H 3F can be diagonalized by a change of basis transforming the matrix H 2F into the matrix H 
N-level approximation now reaḋ
with the indexes j and k running over all the components of the Floquet manifold of state |c .
These equations are to the HamiltonianH ′ 3F what Eqs. (43a-43f) are to the Hamiltonians H 3F and H ′ 3F . As in the 2-state case, the solutions of Eqs. (44a-44f) tend to constants in the long time limit, whereas those of Eqs. (43a-43f) tend to a steady state in which the elements of the density matrix oscillate at a fundamental angular frequency 2ω rf . In either case, the absorption coefficient for the probe beam is given by the equation
where k p is the wave number of the probe field, N is the number density of the atoms forming the medium, d ba is the matrix element of the dipole operator between the states |a and |b ,ǫ p is the polarization vector of the probe field, ǫ 0 is the permittivity of free space, and ρ ba (∞) av denotes the average value of ρ ba in the stationary regime. For a cold atomic ensemble, ρ ba (∞) av ≡ ρ ba (∞) , with
For a thermal ensemble where the Doppler effect must be taken into account, ρ ba (∞) av is the average of ρ ba (∞) over the Maxwellian distribution of velocity of the atoms.
B. Absorption sidebands and induced sidebands
Weak control fields
A representative section of the quasienergy spectrum of the full Floquet Hamiltonian is shown in Fig. 5(a) for a case where the control laser is sufficiently weak that the inequality (27) The b-and c-quasienergy manifolds run parallel to each other in Fig. 5 (a), although they intersect in Fig. 2(a) , because the parameter varied in Fig. 5 is the detuning of the probe field while that varied in Fig. 2 is the detuning of the control field. The latter is actually set to zero in these calculations, which means, in view of the Stark shift of state |c , that the control laser is off resonance. The quasienergy spectrum obtained in the N-level approximation is shown in Fig. 5(b) , for comparison. The absorption profile for a cold atom ensemble is given in Fig. 5 One may note small differences in the position of the crossings between (a) and (b). Because of the significant Stark shift of the upper state, the control laser is off resonance although ∆ c /2π = 0, which explains why the absorption profile of the probe field does not exhibit EIT dips.
of the larger energy difference between the respective sidebands (a larger energy difference means a smaller admixture of |b into the sidebands of |c ). However, as will be seen shortly, significant enhancements may occur at the crossings with the n = 0 sidebands of b for stronger control fields.
Comparing Fig. 5(a) to Fig. 5(b) and the thick blue line to the thin pink line in Fig. 5(c) , we see that the N-level approximation holds well in the present case, as could have been expected since the condition (34) is fulfilled. Because the side bands of the b-state are neglected in the N-level approximation, the b-quasienergy manifold of Fig. 5(a) reduces to a single quasienergy curve in Fig. 5(b) . However, the c-manifold is practically the same in the two spectra. The absorption profile is also very well reproduced in the N-level approximation for the parameters considered: the two sets of results are almost identical apart for very small differences in the position of the enhancements (noticeable only for the enhancement at ∆ p = −15 MHz on the scale of the figure) and very small differences in their amplitude.
Strong control fields
We now increase Ω c /2π to 30 and 60 MHz, keeping the other parameters the same as in Fig. 5 . The resulting absorption profiles are shown in Figs. 6(a) and 6(b), respectively.
As expected from the previous discussion, the N-level approximation deteriorates as the strength of the control field increases. It is still in rough agreement with the exact result in the case of Fig. 6(a) , for which Ω c is smaller, but not much smaller, than 2ω rf , although there are differences in the position and the amplitudes of the enhancements. However, when the condition (34) is more strongly violated, the N-level approximation breaks down completely. There is little agreement with the exact result in Fig. 6(b) .
An interesting feature of Fig. 6(a) is the presence of a small enhancement of absorption at ∆ p /2π ≈ 48 MHz. This enhancement is not present in the N-level approximation. It coincides with the crossing of |a with the +1 sideband of |b in the quasienergy spectrum, at 2hω rf above the main absorption peak (which is concomitant with the crossing of the 0-th order sideband of |b .) This feature is more prominent in Fig. 6(b) , at ∆ p /2π ≈ 30 MHz; the +2 sideband of |b is also (barely) visible, at about 80 MHz at this higher power of the control laser. We refer to such sidebands as "induced sidebands", as they arise from sidebands of |b induced by the coupling of this state with the sidebands of |c by the control field. (Recall that the rf field is assumed to be too weak to dress state |b directly: the bmanifold originates from the coupling of |b to the c-manifold by the control field, not from the coupling of |b to itself by the rf field.)
That the sidebands of |a play no role in this absorption profile is shown by the good agreement between the exact results (thick blue curves) and the results obtained when these sidebands are neglected altogether (green dashed curves).
Before closing, we briefly comment on whether the conditions Eq. (27) and (35) are sufficient to garantee the validity of the N-level approximation for a three-state system.
Recall that these conditions mean that the oscillations of the rf field are faster than the time scales over which the system evolves under the effect of the control laser field and the spontaneous decay of state |c . However, the probe field introduces an additional time scale in the problem: if this field is excessively strong, it will disturb the dynamics of the b-c system too rapidly for the state |c to show a manifold structure. In this case, the Floquet sidebands of state |a induced by its coupling to state |c can no longer be ignored. Given that the effective Rabi frequency for the coupling of |a to |c is approximately given by
should be added to the conditions Eq. (27) and (35) for the N-level approximation to be valid. Should the inequality (47) not be fulfilled, then it is likely that the Floquet sidebands of |a need to be taken into account, as well as those of |b and |c .
C. EIT in rf-dressed atomic ensembles
Cold atomic ensembles
We still assume that the Doppler effect is negligible, as in the last section. However, we now set ∆ p to 0 and vary ∆ c rather than set ∆ c to 0 and vary ∆ p . If the rf field was absent, blue curve in Fig. 7(c) shows that the suppression of EIT in narrow ranges of frequencies at large control powers arises from the interplay between these sidebands.
Thermal atomic ensembles
Let us assume that the two laser beams are colinear and counterpropagating. 
with
where k B is the Boltzmann constant. 
Adjacent EIT dips are thus separated in probe detuning by 2ω rf k p /k c in these conditions.
Increasing Ω c both widens the EIP dips through power broadening and shifts their positions. The latter effect is due to the shift in the sidebands of |c arising from their coupling with state |b . When this shift is non-negligible, the second of the above resonance conditions must be replaced by ∆ c − k c v − Σ c + 2nω rf − δ n = 0, where δ n is an Ω c -dependent shift, and the absorption dips occur at the probe detunings
As seen from the figure, the N-level approximation becomes inaccurate when Ω c /(2π) is [33] Rabi frequencies are assumed to be real, not complex, throughout the paper.
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